The complete data sets of intestinal microorganism communities were deposited in the NCBI. The SRA accession number is PRJNA392047.

Introduction {#sec001}
============

Currently, aquatic food production has transitioned from being primarily based on the capture of wild fish to culturing an increasing number of farmed species. A milestone was reached in 2014 when the aquaculture sector's contribution to the supply of fish for human consumption overtook that of wild-caught fish for the first time. China, with more than 60% of the global aquaculture production \[[@pone.0208544.ref001]\], has played a major role in this growth. Generally, grouper is a popular food fish, and its production has been steadily rising with increasing global demand. Therefore, the sustainable aquaculture of grouper and related species deserves further development. China, a major exporter of grouper, has great potential for market development supplying a rapidly growing middle class \[[@pone.0208544.ref002]\]. Through the development of hybridization technology, scientists crossed giant grouper (*Epinephelus lanceolatus*) males with tiger grouper (*Epinephelus fuscoguttatus*) females to produce a new variety of grouper, which is morphologically similar to its parental species \[[@pone.0208544.ref003]\].

Recirculating aquaculture systems (RAS) in intensive aquaculture production have become important production systems due to the potential to reduce water and energy consumption and create a stable cultivation tank environment \[[@pone.0208544.ref004]\]. These systems require a high initial capital investment for the construction of farms, as well as intensive management, but this is matched by the high output due to high stocking density. However, an excessively high stocking density may be associated with growth, health and fish welfare problems \[[@pone.0208544.ref005],[@pone.0208544.ref006]\] and variations in the microbial communities in the water and sediment, including the development of pathogens \[[@pone.0208544.ref007]\].

Aquatic microorganisms are an important part of aquatic ecosystems because they are involved in nutrient cycling and water quality, eventually influencing fish productivity \[[@pone.0208544.ref008]\]. The diversity of microbial communities can change the aquaculture ecosystem and reflect the state of the aquaculture environment. A large number of researches on the environmental microorganisms of aquatic ecosystems had shown that various types of microorganisms have a variety of functions: Some play an important role in the process of material transformation, such as participating in the carbon and nitrogen cycle and the transformation of material energy \[[@pone.0208544.ref009],[@pone.0208544.ref010]\]. At the same time, it helps to reduce the content of ammonia-nitrogen waste in water bodies and ensure the quality of water bodies \[[@pone.0208544.ref011],[@pone.0208544.ref012]\]. Some may directly biodegrade some exogenous organic pollutants \[[@pone.0208544.ref013],[@pone.0208544.ref014],[@pone.0208544.ref015],[@pone.0208544.ref016]\]. Aquatic ecosystems include bacteria, archaea, fungi, and probiotics. The analysis of sediment bacteria information can help advance the knowledge of the bacteria-aquaculture system interactions.

Therefore, the aim of this study was to use 16S rDNA gene sequencing to characterize bacterial communities in the sediment of an RAS environment supporting different stock densities of hybrid grouper. This knowledge will provide a theoretical basis for further improving the quality of water bodies as well as aquatic products.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

The all of the procedures involving fish were carried out in accordance with the Guidelines for the Care and Use of Laboratory Animals prepared by the Institutional Animal Care and Use Committee of Nanjing Agricultural University, Nanjing, China (SYXK(SU)2017--0007). And the Institutional Care and Use Committee (IACUC) specifically approved this study. The experimentation was performed in the laboratory animal center of Nanjing Agricultural University.

Sampling procedure {#sec004}
------------------

The experiment was carried out in an RAS with uniform specifications in the Laboratory of the College of Resources and Environmental Sciences, Nanjing Agricultural University (Nanjing, China). Using the flow model, inlet pipe is made by 45° bend PVC tube to form the lateral jet, a circular sump pit is installed in the center of the bottom of the pond. A circular sump pit is set up at the center of the pool bottom, equipped with PVC sewage discharge device, in order to remove the bottom center of the fish tank residue, feces and fish tank surface oil film. The fish were provided by Qingdao General Aquaculture Co., Ltd.. The hybrid groupers (average body mass = 25.43 ± 2.36 g) were cultured at four treatment densities with three replicates: low stocking density, 1.03 kg m^−3^ (LD); medium stocking density, 2.06 kg m^−3^ (MD); high stocking density, 3.09 kg m^−3^ (HD); and extra-high stocking density, 4.11 kg m^−3^ (EHD). All treatments were randomly assigned to triplicate tanks (diameter = 80 cm, depth = 70 cm) for a period of 22 weeks (19 November 2015 to 28 April 2016). During the experimental period, the mean temperature was 23.1 ± 2.7°C, the photoperiod was 10 h light: 14 h dark (natural lighting), the salinity was 25 g L^-1^, NH~3~-N 0.01--0.05 mg L^-1^, NO~2~-N 0.05--0.10 mg L^-1^, and the pH was 7.5 ± 0.3. Dissolved oxygen remained above 5 mg L^-1^ with continuous aeration. Flow rate was about 150--180 L/h. Depending on the water quality conditions, approximately 5--10% of the water was exchanged weekly. The main nutrient components in fish diet (purchased from Tianjin Haifa Treasures Industrial Development Co.) were as follows (in % w/w): crude protein ≥ 50.0, crude fat ≥ 8.0, crude fiber ≤ 2.0, crude ash ≤ 15.0, total phosphorus 0.5--2.2, total calcium 1.3--3.0, water ≤ 10.0). All groupers were hand-fed slowly on formula feed twice daily (9:00 and 18:00). The daily feed rations were adjusted based on weight of the fish (approximately 2--2.5% of fish weight•day^-1^). No food residues were observed on the bottom of the tank after feeding procedures. No antibiotic treatments were used at any time. At harvest, the feed conversion ratio (FCR), condition factor (K, %) and specific growth rate (SGR, % day^−1^) were calculated as below: $$\begin{array}{l}
{FCR = \frac{W_{f}}{W_{t}‑W_{0}}} \\
{K(\%) = \frac{W_{t}}{L_{3}} \times 100} \\
{SGR(\% \cdot day^{- 1}) = \frac{\ln W_{t} - \ln W_{0}}{t} \times 100} \\
\end{array}$$ where W~0~ = initial body mass (g); W~t~ = final body mass (g); W~f~ = total food intake (g); L = total length (cm); and t = sampling time (days)

On the final day of the experiment (22 weeks), the sediments attached to the surface of the container samples were collected from three places in each tank (water depth was 50 cm). An equivalence mixture was made using the slurry sediment samples from each tank's culture (approximately 5 g) and was stored at -80°C until further analysis.

Extraction and sequencing of bacterial 16S rDNA {#sec005}
-----------------------------------------------

In each tank, 1 g of sediment sample was used for DNA extraction. The bacterial DNA was extracted with a PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc, Carlsbad, CA). The 16S rDNA variable V3-V4 region was amplified with the primer pair 338F (`5'-ACTCCTACGGGAGGCAGCA-3`\') and 806R (`5'-GGACTACHVGGGTWTCTAAT-3'`). The PCR was performed at TransGen AP221-02 with TransStart FastPfu DNA polymerase (TransGen Biotech, Beijing, China). The 50 μL PCR mixture was composed of 5 μL 10× Pyrobest buffer, 4 μL dNTPs, 2 μL of each forward and reverse primers, 0.3 μL Pyrobest DNA polymerase (2.5 U μL^-1^), 30 ng of the DNA template and ddH~2~O. After an initial denaturation at 95°C for 5 min, 25 cycles of 30 s at 95°C, 30 s at 56°C and 40 s at 72°C were performed. The final extension step consisted of 10 min at 72°C. All the amplifications were checked using electrophoresis with 2% w/w agarose gels. The bands were extracted and purified with the AxyPrepDNA gel (Axygen, CA, USA). Pyrosequencing of the amplifications was performed on the Illumina MiSeq platform (Beijing Allwegene Technology Inc., Beijing, China). The complete data sets were deposited in NCBI under GenBank accession number PRJNA392047.

Bioinformatics analysis {#sec006}
-----------------------

To estimate the alpha diversity, an operational taxonomic unit (OTU) table was rarified, and four metrics were calculated: Chao 1 to estimate richness, observed OTUs to identify the unique OTUs found in the sample, and the Shannon and Simpson indices to estimate the diversity \[[@pone.0208544.ref017]\].

Based on the 16S rDNA PCR amplification, linear discriminant analysis (LDA) combined with effect size (LEfSe) analysis was conducted to identify species with significant differences in abundance among treatment groups and to construct cladograms \[[@pone.0208544.ref018]\]. The clustering analysis of samples (hierarchical clustering at the phylum level) was conducted by using the unweighted pair group method with arithmetic means \[[@pone.0208544.ref019]\].

Statistical analyses {#sec007}
--------------------

The statistical analyses were performed using SPSS (version 19.0) software. Normality and homogeneity of variances were checked by the Kolmogorov--Smirnov and Levene tests, respectively. The data were analysed by one-way analysis of variance (ANOVA) and were presented as the means ± standard errors. Tukey\'s test was used to compare differences among means (p ≤ 0.05).

A redundancy discrimination analysis (RDA) was used to characterize bacterial abundance and diversity in relation to fish physiological explanatory variables using Vegan 2.3.0, a package of R functions used for community ecology.

Results {#sec008}
=======

Hybrid groupers culture results {#sec009}
-------------------------------

The final grouper weight and specific growth rate were greater at medium and high density compared with low density, but there was no significant difference between the low and extra high stocking densities ([Fig 1](#pone.0208544.g001){ref-type="fig"}). The fish length was significantly shorter at LD group compared with all other treatments (p \< 0.05). Under extra high stocking density, the impacts were shown at a significantly higher condition factor (K, %) than under a medium density, whereas the feed conversion rate was the reverse (extra high was higher than a medium stocking density).

![Growth and feeding indicesas influenced by different stocking densities of hybrid groupers.\
Note: LD---low stocking density; MD---middle stocking density; HD---high stocking density; EHD---extra high stocking density. Wt---final weight; TL---total length: K---condition factor; SGR---specific growth rate; FCR---feed conversion rate. Different letters in a single organ indicated significant differences among the experimental groups (P ≤ 0.05). Data are means ± S.E.M. The lowercase letters in the table represent significant differences between the different treatments in each index.](pone.0208544.g001){#pone.0208544.g001}

Bacterial community composition in the sediments {#sec010}
------------------------------------------------

Sequencing of the 12 sediments yielded a total of 409,031 sequences, of which 99.99% of the sequence length was in the range of 360--480 bp. Species accumulation curves ([Fig 2A](#pone.0208544.g002){ref-type="fig"}) and Shannon-Wiener curves ([Fig 2B](#pone.0208544.g002){ref-type="fig"}) indicated the number of samples and the sequencing depth was sufficient \[[@pone.0208544.ref020]\]. At 97% gene similarity, a total of 635, 633, 623 and 602 OTUs were identified in the LD, MD, HD and EHD groups, respectively. The Venn diagrams are shown in [Fig 3](#pone.0208544.g003){ref-type="fig"}. The number of unique OTUs in each density group was 20(LD), 4(MD), 1(HD) and 21(EHD), respectively. Bacterial richness and diversity are shown in [Table 1](#pone.0208544.t001){ref-type="table"}. It can be deduced that the abundance and diversity of microbial communities were both decreasing as density increases.

![Species accumulation curves (A) and Shannon-Wiener curves (B) in the sediment of treatments with different stocking densities of hybrid groupers. Note: LD---low stocking density; MD---middle stocking density; HD---high stocking density; EHD---extra high stocking density.](pone.0208544.g002){#pone.0208544.g002}

![Venn of bacterial communities (based on OTUs at 3% distance) in the sediment of treatments with different stocking densities in hybrid groupers.\
Note: LD---low stocking density; MD---middle stocking density; HD---high stocking density; EHD---extra high stocking density.](pone.0208544.g003){#pone.0208544.g003}

10.1371/journal.pone.0208544.t001

###### The alpha diversity indices of bacterial communities (based on OTUs at 3% distance) in the sediment of treatments with different stocking density of hybrid grouper individuals.

![](pone.0208544.t001){#pone.0208544.t001g}

        Chao1 Index   Shannon Index   Simpson Index   Observed_species Index
  ----- ------------- --------------- --------------- ------------------------
  LD    562±18^a^     6.40±0.05^a^    0.03±0.00^b^    466.67±13.50^a^
  MD    563±16^a^     6.17±0.06^ab^   0.03±0.00^b^    444.13±11.80^ab^
  HD    532±30^a^     5.96±0.02^bc^   0.04±0.00^b^    422.53±18.50^ab^
  EHD   512±11^a^     5.62±0.21^c^    0.06±0.01^a^    406.63±15.06^b^

Note: LD---low stocking density; MD---middle stocking density; HD---high stocking density; EHD---extra high stocking density. The lowercase letters in the table represent significant differences between the different treatments in each index.

Overall, these OTUs were classified into 28 phyla indicating taxonomically diverse microbial communities at all samples. At this level, the dominant phyla were Proteobacteria and Bacteroidetes, which shared 75.58% - 88.38% of the total reads, while the other OTUs were mainly classified to Nitrospirae, Planctomycetes, Verrucomicrobia, Chloroflexi, Gracilibacteria, Fusobacteria, unidentified, Actinobacteria and Deferribacteres. Among them, Nitrospirae, Planctomycetes, Chloroflexi and Actinobacteria significantly decreased in abundance with an increase in density. The remainder of the phyla abundance was rare with a sum of 1.52--2.66% ([Fig 4](#pone.0208544.g004){ref-type="fig"}).

![The relative abundance of 12 phyla in the sediment from treatments with different stocking densities of hybrid groupers.\
Note: LD---low stocking density; MD---middle stocking density; HD---high stocking density; EHD---extra high stocking density.](pone.0208544.g004){#pone.0208544.g004}

Through a cluster analysis at the phylum level ([Fig 5A](#pone.0208544.g005){ref-type="fig"}), we found that only samples from EHD groups clustered together. While the sample of the remaining three groups had no obvious cluster trend, the general trend was adjacent density groups were similar to the sample communities. Principal component analysis results ([Fig 5B](#pone.0208544.g005){ref-type="fig"}) also showed that three samples in the EHD group were closely clustered together, indicating that the highest stocking density further reduces the dispersion of the sample.

![Cluster analysis (A) and PCA analysis (B) in the sediment from treatments with different stocking densities of hybrid groupers. Note: LD---low stocking density; MD---middle stocking density; HD---high stocking density; EHD---extra high stocking density.](pone.0208544.g005){#pone.0208544.g005}

The distribution histograms of LDA scores ([Fig 6A](#pone.0208544.g006){ref-type="fig"}) showed that species had significantly different abundances among different stocking densities, with the length of the column representing the magnitude of the species influence. The cladograms indicate the taxa (highlighted by small circles and shading) that played important roles in the microbial community ([Fig 6B](#pone.0208544.g006){ref-type="fig"}).

![LDA EffectSize (LEfSe) first provided the list of features that differed among the treatments, ranking them according to the effect size (A); Differences were then mapped to taxonomic trees (B). Note: LD---low stocking density; MD---middle stocking density; HD---high stocking density; EHD---extra high stocking density. In the cladogram, the taxa highlighted by small circles and shading in the color of a specific treatment played an important role in the microbial community in that treatment; yellow color represented taxa that did not play an important role in microbial communities.](pone.0208544.g006){#pone.0208544.g006}

Microbial phyla with greater abundance at low density compared to others were Nitrospirae, Planctomycetes, Deferribacteres and Actinobacteria. While Fibrobacteres had an extra high density. The following microbial families were more abundant: NS9_marine_group, Rhodothermaceae, P3OB-42, Sphingomonadaceae, LWSR-14 and Parvularculaceae in LD; Caldilineaceae, Blastocatella and Oligoflexaceae in MD; Persicirhabdus, Francisellaceae, NS11-12_marine_group and OPB56 in HD; and Flaviramulus, Rhodospirillaceae and Azoarcusin EHD.

Redundancy discrimination analysis (RDA) {#sec011}
----------------------------------------

RDA was conducted to analyse the diversity distribution of bacterial communities under the four densities in response to grouper growth status ([Fig 7](#pone.0208544.g007){ref-type="fig"}). RDA analysis indicated that the K and SD (stocking densities) levels were most strongly associated with bacterial community diversity in the four tested environments.

![Redundancy analysis (RDA) of bacterial community structure in the sediment treatments from different stocking densities of hybrid groupers.\
Note: LD---low stocking density; MD---middle stocking density; HD---high stocking density; EHD---extra high stocking density. K---condition factor; FCR---feed conversion ratio; SGR---specific growth rate; Wt -final weight; L---total length; SD- stock density.](pone.0208544.g007){#pone.0208544.g007}

Discussion {#sec012}
==========

There is widespread recognition that inappropriate stocking density is one of the main causes of poor fish growth and survival \[[@pone.0208544.ref021]\]. Considering all the factors (Wt, TL, K, SGR and FCR), the results indicated that ~~acclimation of juveniles to~~ the middle density conditions (between 2.06 and 3.09 kg m^−3^) enhanced more growth with less food consumption. These findings suggest that low and extra high stocking density might alter growth in hybrid groupers. The best growth was achieved in the MD and HD treatments. For example, higher mass gain, K, SGR and lower FCR are in line with the previous reports \[[@pone.0208544.ref022],[@pone.0208544.ref023],[@pone.0208544.ref024],[@pone.0208544.ref025]\].

Given the importance of microbes in marine ecosystems, one of the key questions of microbial ecology is how microbial communities respond to anthropogenic activities. Microbial communities drive organic matter decomposition and nutrient cycling \[[@pone.0208544.ref026]\]. With the increase of stocking density, the total number of OTUs in sediments has decreased significantly, which is the same as change of bacteria diversity. However, the numbers of unique OTUs in the LD and EHD groups were more than in the MD and HD groups, perhaps related to the physicochemical properties of sediments in these two more specific environments (In the sediment samples, the TN was 0.78±0.14, 0.99±0.25, 1.17±0.22 and 1.32±0.41 g kg^-1^, while the TP was 1.03±0.26, 1.34±0.17, 1.35±0.34 and 1.53±0.2 g kg^-1^, in the LD, MD, HD and EHD samples respectively). The lower Chao 1, Shannon and higher Simpson indexes for the bacterial communities in EHD compared to other samples indicated that high density decreased the diversity and abundance of bacteria in sediment.

Previous studies on marine microbial communities showed that Proteobacteria and Bacteroidetes were dominant groups in seawater at different seasons all around the world \[[@pone.0208544.ref027],[@pone.0208544.ref028],[@pone.0208544.ref029]\]. In fact, in freshwater habitats, many reports on bacterial communities in the sediments of rivers, lakes, and reservoirs have shown similar results \[[@pone.0208544.ref030],[@pone.0208544.ref031],[@pone.0208544.ref032]\]. In this study, our results showed that the first dominant phylum is Proteobacteria (40.17--45.91%), and there was no significant difference in abundance between the four groups. Proteobacteria generally function in sulfate reduction, sulfur oxidization and nitrate assimilation \[[@pone.0208544.ref033],[@pone.0208544.ref034]\]. The second dominant phylum, Bacteroidetes, was in a higher proportion in the sediment column of EHD, which is widely distributed in marine waters and has the potential of degrading biopolymers \[[@pone.0208544.ref035],[@pone.0208544.ref036]\]. Additionally, we found that the abundance of Nitrospirae came in third place, with very few similarities with previous reports. The possible reason was that the RAS farming model differs from others and its aquaculture water is highly mobile. However, between different densities, the difference was significant in LD (7.24%) and EHD (0.77%). The same trend of negatively correlated abundances with density, also appeared in Planctomycetes, Chloroflexi and Actinobacteria. The common characteristics of these bacteria are that they play important roles in cycling of sulfur, nitrogen and organic compounds in marine sediment \[[@pone.0208544.ref037],[@pone.0208544.ref038],[@pone.0208544.ref039],[@pone.0208544.ref040]\] and may be correlated with high organic content in the HD and EHD sediments.

Past studies generally described the relationship between the bacterial composition and abiotic environments, such as pH, temperature and ammonia. However, in this experiment, we focused on the relationship between bacterial composition and biological factors. According to the RDA analysis, K and SD were the most influential factors controlling the bacterial community diversity in our sediment, and the three factors of SGR, Wt and L were highly correlated. Contrary to the results of Fan \[[@pone.0208544.ref041]\], FCR was not a decisive factor for bacterial growth, and a possible reason was the circulation of water in this farming model. Considering that K and SD were significantly affected by the aquaculture space, these results reveal that aquaculture space should be a factor regulating the structure of the bacterial community. Certainly, bacteria diversity could also vary with sediment oxygen values by selecting for anoxic versus aerobic bacteria strains, which should be studied in the future.

In conclusion, 635, 633, 623 and 602 OTUs were identified from the sediment in the LD, MD, HD and EHD groups, respectively. Bacterial diversity and stability were higher in the LD than in the EHD. Bacterial composition in the sediment between different stocking densities were similar at the phylum level but varied with content. In addition, the bacterial communities showed clear responses to differences, including different K and different stocking densities.
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